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Hole Doping Effects on Spin-gapped Na 2 Cu 2 Te0 6 via Topochemical Na Deficiency 
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We report the magnetic susceptibility and NMR studies of a spin-gapped layered compound 
Na2Cu2TeOe (the spin gap A ~ 250 K), the hole doping effect on the Cu2TeOe plane via 
a topochemical Na deficiency by soft chemical treatment, and the static spin vacancy effect 
by nonmagnetic impurity Zn substitution for Cu. A finite Knight shift at the 125 Te site was 
observed for pure Na2Cu2TeOe. The negative hyperfine coupling constant 125 A tT is an evidence 
for the existence of a superexchange pathway of the Cu-O-Te-O-Cu bond. It turned out that 
both the Na deficiency and Zn impurities induce a Curie-type magnetism in the uniform spin 
susceptibility in an external magnetic field of 1 T, but only the Zn impurities enhance the low- 
temperature 23 Na nuclear spin-lattice relaxation rate whereas the Na deficiency suppresses it. 
A spin glass behavior was observed for the Na-deficient samples but not for the Zn-substituted 
samples. The dynamics of the unpaired moments of the doped holes are different from that of 
the spin vacancy in the spin-gapped Cu2Te06 planes. 
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Na2Cri2Te06 is a spin-gapped layered compound and 
a Mott insulator. 1 Non-orthogonal spin dimers lie on 
Cr^TeOg layers piled up with Na layers alternately. The 
uniform magnetic susceptibility x shows a broad maxi- 
mum at about T max = 160 K and a spin gap A ~ 250 
K (A was estimated from Ref. [1]). Although the crys- 
tal structure is two-dimensional, the temperature depen- 
dence of x indicates an alternating exchange Heisenberg 
chain. The large spin gap of about 250 K indicates the 
existence of a strong superexchange interaction on the 
Cr^TeOg layers. Figure 1 illustrates the Cu2Te06 plane 
of Na2Cii2Te06 and the J1-J2-J3 superexchange path- 
ways on the plane. According to Ref. [1], the alternating 
exchange interactions are predominant J± and the weaker 
J2 = 0.3Ji. We address the following questions: whether 
the relatively long Cu-O-Te-O-Cu path actually bears 
such a strong superexchange interaction, and what kind 
of magnetic instability is behind the magnetic excitation 
spectrum with the large spin gap. The dynamics of the 
doped holes on the gapped magnetic excitation spectrum 
has attracted much attention as well as the hole-doped 
Neel ordering state. 2,3 

In this paper, we studied the low-lying excitations of 
pure Na2Cu2Te06, the hole doping effect via a Na de- 
ficiency, and the spin vacancy effect via the Zn substi- 
tution of the Cu sites by means of magnetic suscepti- 
bility and NMR measurements. We obtained evidence 
of the existence of small covalency at the Te site by 
the 125 Te NMR technique. We succeeded in synthesiz- 
ing the topotactic Na-deficient samples by soft chemical 
treatment, i.e., by a redox reaction with an oxidizer and 
the mother compound Na2Cu2TeOg. The Na deficiency 
and the Zn substitution were found to induce Curie-type 
terms in their magnetic susceptibilities at low tempera- 
tures. No impurity-induced magnetic long range ordering 



was confirmed for both the cases down to 2 K. For the 
Na-deficient samples, however, a spin-glass behavior was 
observed in the spin-gapped state at low temperatures, 
at the maximum of T g ~ 15 K. The doped holes via the 
Na deficiency were found to induce competition among 
the interactions on the Cu2TeOg layers. 

Pure Na2Cu2Te06 samples were synthesized by a con- 
ventional solid state reaction method. The starting ma- 
terials — Na2C03, CuO, and TeC"2 — were ground in a 
molar ratio of 1:2:1, pelletized, and heated at 680 °C for 
36 h in flowing oxygen gas. The resultant products were 
ground, repelletized, and heated under the same condi- 
tions. Zn-substituted samples were also synthesized by 
the solid state reaction method with ZnO as a starting 
material. 
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Fig. 1. Top view of a Cu2Te06 plane of Na2Cii2TeC>6 (left panel). 
A schematic J1-J2-J3 model illustrates the superexchange path- 
ways according to Ref. [1]. 
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Na-deficient samples Na2-aCu2Te06 were prepared by 
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the soft chemical oxidation of the mother compound 
Na2Cu2Te06, using various concentrations of bromine as 
the oxidizing agent, similar to Na^OoC^. 4 Na2Cu2Tc06 
powder, typically 0.4 g, was stirred in 5 ml of a bromine 
solution in acetonitrile at 25 °C for 18 h. The products 
were washed several times with water and then with ace- 
tone to remove bromine and dried briefly under an am- 
bient condition. 

As the bromine concentration y increases as 1.0, 1.5, 
1.6, 2.0, 2.5, 5.0, and 10 mol/L of Br 2 /MeCN, the amount 
of Na deficiency increases, which was confirmed by in- 
ductively coupled plasma atomic emisson spectroscopy 
(ICP-AES). The typical value of the ratio of Na to Cu 
was estimated to be (2 - 6)/2 = 0.93 (1.5 M) and 0.80 
(2.5 M) within our technical accuracy of the ICP-AES. 
Because of the charge neutrality, the Na deficiency S is 
compensated by the holes in the Cu 2 Tc06 plane; the 
nominal valence of Cu is then changed from 2 in the sto- 
ichiometric compound into 2 + 8/2. Thus, the nominal 
effective number p of unpaired moments per Cu was es- 
timated to be p = 0.07 (1.5 M) and 0.20 (2.5 M). 

Magnetic susceptibility was measured by a supercon- 
ducting quantum interference device (SQUID) magne- 
tometer. 65 Cu (nuclear spin 7 = 3/2), 23 Na (I = 3/2) 
and 125 Tc (I = 1/2) NMR were performed by a pulsed 
NMR technique. 
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Fig. 2. Powder XRD patterns of the samples treated with 
Br 2 /MeCN. 
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Fig. 3. Magnetic susceptibility of pure Na2Cu2Te06 at Ho 
T. The solid curve is the least squares fit result by eq. (1). 



mula unit is expressed by 



X = 2 Xs + Xo + 2C/T, 



(1) 



where \s is the spin susceptibility, \o is the temperature- 
independent magnetic susceptibility and should be the 
sum of the Van Vleck orbital susceptibility 2xorb and the 
core-electron diamagnetic susceptibility Xdia (= —0.116 
x 10~ 3 emu/mol-f.u.), and C/T is a Curie term. The 
numerical factor 2 represents two Cu ions per formula 
unit. We assumed the theoretical eq. (56a) in Ref. [5] 
for the S = 1/2 antiferromagnetic alternating-exchange 
Heisenberg chain as the spin susceptibility. Thus, Xs is a 
function of the g- factor g, J 1; and an alternation param- 
eter a (= J2/J1). The solid curve in Fig. 3 is the least 
squares fit result by eq. (1), where g, J\, a, xo, and C 
are the fit parameters. We obtained g — 2.23, Ji = 262 
K, a = 0.230, xo = -0.179 x 10~ 3 emu/mol-f.u., and 
C = 1.09 x 10~ 3 emu-K/mol-f.u., which are consistent 
with the result in Ref. [1]. After Ref. [5], we obtained 
A = 243 K from Ji and a. The estimated xo smaller 
than the calculated Xdia might be due to the remnants 
of unreacted materials beyond our ICP-AES analysis. 

Figure 4(a) shows the frequency- swept 125 Te NMR 
spectra of pure Na2Cu2Te06 in an external magnetic 
field of H a = 7.48473 T below T max = 160 K. Figure 
4(b) shows the 125 Te Knight shift 125 K plotted against 
the magnetic susceptibility x with temperature as an im- 
plicit parameter. The linear relation in the K~x plot in- 
dicates that the spin Knight shift at the Te site results 
from the local magnetic polarization by the Cu electron 
spins 



Figure 2 shows the powder X-ray diffraction (XRD) 
patterns of pure and Na-deficient samples. The powder 
XRD patterns show that the samples are in a single 
phase. As the bromine concentration increases, the in- 
dividual lines of the XRD pattern are broadened and 
tend to shift to the lower angle side within the broad 
linewidth, indicating the effect of the nonstoichiometry 
of the Na deficiency. 

Figure 3 shows the bulk magnetic susceptibility x of 
pure Na2Cu2Te06- The magnetic susceptibility x per for- 



™K S = 125 A trXs , (2) 

where 125 A^ is a hyperfine coupling constant. 

From Fig. 4(b), we estimated the hyperfine coupling 
constant of 125 A tI = -43.7 kOc/fi B - Since 125 A tI is 
nearly istropic, the dipole field from Cu moments is not 
predominant at the Te site. An exchange polarization 
transfer mechanism to an empty orbital of the metal ion 
can yield such a negative hyperfine coupling. 6 Thus, the 
J1-J2 alternating superexchange chains in Fig. 1 can be 
a canonical model of Na2Cu2Te06- 



J. Phys. Soc. Jpn. 



Full Paper 



Author Name 3 




Fig. 4. (a) Frequency-swept 125 Te NMR spectra of pure 
Na 2 Cu 2 Te06 at H = 7.4847 T below the peak temperature 160 
K of the magnetic susceptibility \. The dashed line is the refer- 
ence resonance position v IC { = 100.70 MHz at Hq. The nuclear 
gyromagnetic ratio -f n is assumed to be 13.454 MHz/T. The 
top axis represents the frequnccy shift defined by (v — i/ IC { ) /v ve f . 
A slight anisotropic powder pattern might result from the 5s 2 
lone pair of Te 4 + ions, (b) 125 Te Knight shift 125 K" plotted 
against magnetic susceptiblity \ with temperature as an implicit 
parameter {K-\ plot). 



Figures 5(a) and 5(b) show the effects of Na-deficiency 
and Zn-substitution on magnetic susceptibility \ f°r 
Na2_«5Cu 2 Te0 6 treated with y mol/L of Br 2 /McCN (y 
= 1.0, 1.6, 2.0, and 5.0) and for ^(Cui-^Zn^TeOe 
with x = 0.01, 0.02, 0.05, and 0.15 at H = 1 T, respec- 
tively. Both the Na deficiency and Zn impurities cause 
the Curie susceptibility at low temperatures. The Curie 
susceptibility induced by the Na deficiency in Fig. 5(a) 
is similar to the Na-deficient effect on Na^V^s. 7 

We fitted a Curie- Weiss law of C/(T — 6) to reproduce 
the low-temperature \ m Fig- 5. For the Na-deficient 
samples, |0| increased as the bromine concentration in- 
creased, e.g., 9 2.3 K for 1.6 M and -5.0 K for 2.0 

M, whereas for the Zn-substituted samples, 6 was nearly 
zero. The results indicate that the doped holes are cou- 
pled with each other in the spin-gapped state, whereas 
the Zn-induced moments are nearly free. The Curie con- 
stants C for the Na-deficient samples were smaller than 
what would be expected from the effective hole number 
p in the ICP-AES analysis. For the Na-deficient and Zn- 
substituted samples with nearly the same Curie terms, 
the hole number p was larger than the Zn concentration 
x. The doped holes may not be well localized at specific 
sites on the Cu 2 Te06- For both the systems, the product 
of the maximum magnetic susceptibility x max and the 



Fig. 5. (a) Magnetic susceptiblity x of Na 2 _,sCu 2 Tc06 treated 
with y mol/L of Br 2 /McCN (y = 1.0, 1.6, 2.0, and 5.0) mea- 
sured by the SQUID magnetometer at Ho = 1 T. (b) Magnetic 
susceptiblity x ° f Na 2 (Cui_ x Zn ;c )2Te06 with x = 0.01, 0.02, 
0.05, and 0.15 at 1 T. Both Na deficiency and Zn substitution 
cause a Curie magnetism at low temperatures. 
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Fig. 6. Low-field hysterisis of magnetic susceptibility x of 
Na 2 _ 5 Cu 2 Tc06 treated with y mol/L of Br 2 /McCN (y = 1.6, 
2.0, and 2.5) after cooling in a zero magnetic field (ZFC) and 
an external magnetic field of 100 Oe (FC). Inset shows the spin 
glass temperature T g against the bromine concentration y M. 



maximum temperature T max slowly decreased as the Na 
deficiency and Zn impurity increased. 

Figure 6 shows the low-field hysteresis of the magnetic 
susceptiblity \ of Na 2 -5Cu 2 Tc06 treated with y mol/L 
of Br 2 /MeCN (y = 1.6, 2.0, and 2.5), measured after 
cooling in a zero magnetic field (ZFC) and in a magnetic 
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Fig. 7. Log-log plots of 23 Na nuclear spin-lattice relax- 
ation rate 1/Ti against temperature for pure Na2Cu2Te06 
(closed circles), Na-deficient Na2_^Cu2Tc06 treated with 
1.6 mol/L of Br2/MeCN (open circles), and Zn-substitutcd 
Na2(Cui— ^Zn^)2Te06 with x = 0.01 (open triangles) at Ho 
= 7.4847 T. For pure Na 2 Cu 2 Te06 , 63 Cu (crosses) and 125 Te 
(closed squares) nuclear spin-lattice relaxation rates are also 
shown. The solid curves are the least squares fits by an activa- 
tion function of exp(— A s /T). The estimated value of A s slightly 
depends on the Cu, Te and Na sites and on the fit temperature 
ranges. 



field of 100 Oe (FC). The magnetic hysteresis was easily 
suppressed by a high magnetic field. Thus, the bifurca- 
tion temperature may be regarded as a spin glass temper- 
ature T g . For the sample with y = 2.0 M, T g = 14 K up to 
H = 20 Oe was suppressed by 1 T. The inset shows the 
spin glass temperature T g against the bromine concen- 
tration y M. Such a spin glass behavior induced by doped 
holes is known for the hole-doped Lai.86Sr .04CuO4 in a 
semiconducting regime. 8 No hysteresis was observed for 
the Zn-substituted samples at 100 Oe. 

In Fig. 7, the activation behaviors of the nuclear spin- 
lattice relaxation rates 1/Ti of 23 Na, 125 Te, and 65 Cu 
nuclear spins as a function of temperature were observed 
for Na2Cu2Te06, indicating the existence of a spin gap 
in the magnetic excitation spectrum. From the fits by a 
function of exp(— A s /T), we obtained the spin gap A s = 
208—251 K, which is nearly the same as the gap A ~ 250 
K estimated from the static uniform spin susceptibility. 
The value of A s slightly depends on the nuclear sites and 
on the fit temperature ranges. 

In Fig. 7, a small peak behavior of l/ 23 Ti in the spin- 
gapped state was observed for Na2Cu2Tc06 at about 30 
K, which has been frequently observed for quantum spin- 
gapped compounds, e.g., a Haldane gap compound. 9 The 
peak behavior is explained by an additional nuclear spin- 
lattice relaxation induced by unpaired moments around 
defects or at crystal imperfections in the spin-gapped 
state. Using an electron spin-spin correlation function 
with a decay time r e , we have 



where c is the number of "impurity" relaxation centers 
per unit volume, A is a nuclear-electron coupling con- 
stant, and i^ros is the NMR frequency. 9-11 In the spin- 
gapped state, the lifetime r e of the impurity moment in- 
creases with cooling and then v-c CS T e — 1 leads to a peak 
in 1/Ti of cq. (3). The absence of the peak behavior in 
l/ 125 Ti and l/ 65 Ti may be due to the large shifts of the 
impurity-neighbor Cu and Te NMR frequencies and the 
slow fluctuations of large hyperfine coupling constants 
A at the Te and Cu sites. The 30 K peak of l/ 23 ^ is 
enhanced by Zn impurities, whereas it is suppressed by 
Na deficiency. One can consider that as the spin vacancy 
increases by Zn substitution, c increases but r e is invari- 
ant, whereas as the holes are doped by Na deficiency, c 
increases and r e largely changes. The static magnetic re- 
sponse to the spin vacancy is similar to that of the doped 
holes, while the dynamical response is different from each 
other. This difference may result from the hopping mo- 
tion of the doped holes. 

In conclusion, a finite covalency at the Te site in the 
Cu-O-Tc-O-Cu bond was evidenced by the 125 Te Knight 
shift measurement of Na2Cu2Te06- We succeeded in in- 
troducing a topochemical Na deficiency by soft chemical 
treatment. It turned out that the spin dynamics of the 
doped holes through Na deficiency is different from that 
of the spin vacancy through Zn impurities. 
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